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We propose a device architecture capable of direct quantum electro-optical conversion of mi-
crowave to optical photons. The hybrid system consists of a planar superconducting microwave
circuit coupled to an integrated whispering-gallery-mode microresonator made from an electro-
optical material. We show that by exploiting the large vacuum electric field of the planar microwave
resonator, electro-optical (vacuum) coupling rates g0 as large as ∼ 2piO(10− 100) kHz are achiev-
able with currently available technology – a more than three order of magnitude improvement over
prior designs and realizations. Operating at millikelvin temperatures, such a converter would enable
high-efficiency conversion of microwave to optical photons. We analyze the added noise, and show
that maximum quantum coherent conversion efficiency is achieved for a multi-photon cooperativity
of unity which can be reached with optical power as low as O(1) mW.
The interconversion of microwave and optical signals
is of practical relevance in a broad range of electronic
applications, from optical and wireless communications
to timing. The spectacular advances of the past decade
in manipulating the quantum states of the microwave
field [1, 2] has increased interest in techniques to con-
vert them to optical fields, since the latter can be prop-
agated via optical fiber at room temperature while pre-
serving their quantum state. In the long term, converting
quantum states between microwave and optical photons
may enable long distance quantum communication [3, 4],
and in the near term, it provides a path towards realiz-
ing single photon detectors of the microwave field that
may find use in quantum science and metrology, radio
astronomy and technology alike. For these reasons, hy-
brid systems for such microwave to optical interfaces have
recently attracted significant experimental efforts. Sev-
eral approaches have been investigated [5, 6]: optome-
chanical and electromechanical devices [7–10] as well as
cold atoms [11] and spin ensembles [12, 13]. Indeed, a
bi-directional and efficient link has been established re-
cently using a mechanical oscillator coupled to both op-
tical and microwave modes. Alternatively, it has been
proposed that the parametric coupling of an LC circuit
to an optical cavity via an electro-optical crystal would
realize an effective optomechanical-type interaction [14].
Such a system could convert states from the microwave
to the optical domain by driving sideband cooling tran-
sitions [15–17]. Similar to optomechanical systems, the
interaction requires large vacuum coupling rates and the
resolved-sideband regime [15–17] to be efficient as well
as a optical cavity decay rate that greatly exceeds the
microwave decay rate. Despite interest in the scheme, to
date, it has not been realized. Previous demonstrations
attained vacuum coupling rates of ∼ 2piO(1− 10)Hz in-
sufficient for an efficient transfer. In addition, several
previous schemes operated with a microwave dissipation
that was larger than the optical one, preventing efficient
transfer from optical to microwave fields. Here, we show
that these two requirements can be fulfilled in principle
by coupling the electric field of a superconducting res-
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FIG. 1. (Color online) Principle for a cavity electro-optical
system for microwave-to-optical conversion, constituted of (a)
a χ(2) WGM microresonator (in blue) resonant at ωa coupled
to a waveguide with an external coupling rate κ
(ex)
a and of
intrinsic loss rate κ
(in)
a ; and an LC microwave circuit, reso-
nant at ωb coupled via a feedline (here capacitively coupled)
with an external coupling rate κ
(ex)
b . d is the distance be-
tween the microwave resonator electrodes and l is the length
of the optical path. (b) In the resolved sideband limit, and
for the dissipation hierarchy κa  κb, the system enables via
lower sideband pumping at ωp = ωa − ωb to laser cool the
microwave photons, i.e. up-convert them to the cold optical
mode, establishing a coherent interface between microwave
and optical fields. To minimize required optical input power
it is possible to match the microwave resonance frequency ωb
to the optical free spectral range (FSR).
onator to a whispering-gallery-mode (WGM) microres-
onator made from an electro-optical material, benefiting
from the large vacuum electric field of superconducting
circuits, akin to cQED [18].
Theoretical description. In the most general form,
the cavity electro-optical dynamics is described by the
Hamiltonian [14]
Hˆ = ~ωaaˆ†aˆ+ ~ωbbˆ†bˆ− ~g0
(
bˆ+ bˆ†
)
aˆ†aˆ, (1)
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2where a and a† (b and b†) are the optical (microwave)
annihilation and creation operators and ωa (ωb) the opti-
cal (microwave) angular resonant frequency. The electro-
optic coupling coefficient is given by
g0 =
ωan
3rl
cτD
√
~ωb
2C for a generic geometry (as depicted
in Fig. 1), where n is the optical refractive index of
the χ(2) nonlinear medium, r is its electro-optic coeffi-
cient, l is the length of the medium along the optical
path (such that l = 2pir), D is its thickness, and τ is the
optical round-trip time. 1D
√
~ωb
2C =
Vzpf
D = |
−→
E zpf | is the
zero-point fluctuation of the microwave field at resonant
frequency ωb.
The converter operation uses the fact that the electro-
optical interaction is formally equivalent to the optome-
chanical Hamiltonian, whereby the microwave field plays
the role of the mechanical degree of freedom. Con-
sequently, in the good cavity limit (resolved sideband
regime), i.e. ωb  κa, and when optical dissipation
dominates, i.e. κa  κb, pumping the system with an
optical laser on the lower sideband (ωp = ωa − ωb), will
in the linearized regime lead to a beam-splitter interac-
tion Hamiltonian Hˆ = ~g0
(
aˆbˆ† + aˆ†bˆ
)
which effectively
sideband cools the microwave mode, i.e. converts the mi-
crowave state to an optical photon at frequency ωp +ωb.
For the case of a zero temperature bath and a pulsed
optical cooling field, the input state of the microwave
field and the optical field are swapped and state transfer
achieved [14]. While electro-optical materials have been
widely employed in modern optical telecommunication,
realizing the conversion scheme in this manner has been
challenging [19, 20], due to the inability to achieve large
overlap of the microwave and optical field, resulting in
insufficient coupling rates. Moreover, while crystalline
WGM [21] can attain ultra high quality factors (Q), it
poses stringent conditions on the microwave Q to achieve
the proper dissipation hierarchy κa  κb for conversion.
For a WGM resonator coupled to an LC circuit the
electro-optic coupling coefficient can be expressed as
g0 = ωan
2r
√
~ωb
ε0εVb , (2)
where the only geometrical parameter is the microwave
mode volume Vb. Therefore to attain a large vacuum
coupling rate g0, a large overlap of the electric field dis-
tribution and the optical mode of the cavity has to be
attained. This formula also emphasizes that a material
with high electro-optic coefficient r, high refractive index
n and low microwave dielectric constant ε are preferable.
Device implementation. To enable sizeable electro-
optical coupling to an integrated nonlinear optical mi-
croresonator on the same chip, the proposed new un-
derlying hybrid device architecture uses the large vac-
uum electric field offered by superconducting resonators,
which confine electromagnetic modes to small volume
Vb  λ3 and commonly exhibit high-Q. Indeed, tita-
nium nitride TiN resonators can attain quality factors
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FIG. 2. (Color online) Schematic view of the cavity quantum
electro-optical system proposed for up-converting microwave
photons to the optical domain. (a) depicts the top view and
(b) shows a sample cross-section. The optical cavity is a mi-
croring resonator made out of z-cut LiNbO3 coupled via a
waveguide by evanescent-field coupling. The microwave cav-
ity is an open λ
2
microstrip resonator. The resonator is over-
lapped with the optical microring to maximize the mode over-
lap and thus the electro-optic coupling. Note that the sym-
metry of the microwave resonator is broken, for example by
grounding its ends, to ensure that only the positive phase of
the microwave electric field profile couples to the optical mi-
croresonator. The microwave cavity is capacitively coupled
to a microstrip feedline.
as high as Qb ∼ 107 [22] at millikelvin temperatures.
The proposed on chip, integrated device is based on
an optical WGM microresonator made from a material
that features χ(2) nonlinearity, such as lithium niobate
(LiNbO3) or aluminium-nitride (AlN) [23, 24]. As shown
schematically in Fig. 2, the planar microresonator is cou-
pled to an open superconducting microstrip resonator,
whose electric field couples to the optical mode via the
electro-optical effect. Note here that the symmetry of
the microwave resonator must be broken to ensure that
only the positive phase of the microwave electric field
profile couples to the optical microresonator. The fabri-
cation of microresonators from electro-optical materials
is made possible via crystalline LiNbO3 thin films [25],
which allow to combine the large on-chip element density
of integrated photonics with the second-order nonlinear-
ity of LiNbO3. Microresonators with Q ∼ 106 have been
demonstrated with this material [26].
Because of the absence of a symmetry center, nonlin-
ear χ(2) materials also exhibit piezoelectricity, which can
cause modulation of the optical field [27] and perturb the
electro-optic modulation via the Pockels effect. By de-
sign, the LiNbO3 microring is embedded in silica (SiO2)
and thus is clamped. Hence, the mechanical degree of
30 0
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FIG. 3. (Color online) 2D FEM simulations of an opti-
mized geometry. (a) Optical energy density profile of an
optical WGM mode in a lithium niobate resonator with
ωa = 2pi · 200 THz. The refractive index contrast between the
LiNbO3 WGM and the surrounding SiO2 provides high con-
finement of the optical energy. (b) Electric potential and elec-
tric field (arrows) across the electrodes inside the microwave
cavity at ωb = 2pi · 6 GHz. Direction and amplitude of the
field are optimized to maximize g0. d is the distance between
the electrodes. Plots are on log scale with color map given on
the right in arbitrary units.
freedom is frozen and the piezoelectric contribution to
the modulation made negligible. This result was verified
by a simulation comparing a suspended microdisk and an
embedded microring of same geometries under the same
microwave excitation. For the latter, the piezoelectric
coupling strength is more than 9 orders of magnitude
smaller and therefore can be neglected. Our device and
simulation efforts focused on Z-cut LiNbO3 after having
discarded other potential nonlinear materials. LiNbO3
exhibits a r51 as high as 30 pm ·V−1. Nanofabrication
platforms are also mature enough to provide good struc-
tures with thin-film single crystals [24, 28]. We conducted
numerical simulations in order to take into account the
anisotropy of the material and the complex geometry of
our design.
Numerical simulations. In order to numerically eval-
uate the coupling coefficient of our proposed design we
use finite element (FEM) simulation of the optical modes
via the weak formulation of the Helmholtz equation [29].
We solve for eigenstates of the system in 2D representa-
tion with an axial symmetry simplification [29]. A FEM
simulation of the optical mode for LiNbO3 is shown in
Fig. 3. Since the WGM resonator has χ(2) nonlinearity,
an external microwave field Eb = −∇V will change the
refractive index [n] =
(√
[η]
)−1
and thus modify the op-
tical field. To introduce the electro-optical interaction,
we use an expansion of the impermeability
η(Eb)ij = η(0)ij + rijk · Ekb + ζijkl · EkbElb + . . . (3)
We only keep the second term in the expansion corre-
sponding to the second-order nonlinear effect, so called
Pockels effect. The electro-optic tensor being not ax-
isymmetric, thus one has to integrate the electro-optical
interaction over the angular coordinate along the WGM
optical mode.
To evaluate the (vacuum) electro-optical coupling rate
g0/2pi, one has to compute the frequency shift δωa caused
by the microwave zero-point voltage fluctuations Vzpf
and corresponding Eb. Then the electro-optic coefficient
reads g0 = Vzpf · δωaV where V is the voltage applied for
the simulation and Vzpf depends only on the microwave
field distribution that we simulate (as shown in Fig. 3).
The Bethe-Schwinger cavity perturbation formula [30]
can be used at a first-order approximation assuming that
the perturbation δε has a small effect on the cavity:
δωa
ωa
≈
∫
V E
∗
aε0δε (r)EadV∫
V ε0ε (r)E
∗
a ·EadV
, (4)
where V is the integration volume. For a high-Q res-
onator the radiation losses are small and the integration
volume can be taken over the boundaries of the resonator.
Eq. (4) can be written as δωaωa =
δUa
Ua
i.e. as the ratio be-
tween the optical energy introduced by the perturbation
(δUa) and the total energy of the unperturbed cavity
(Ua). As the effect is very weak, the optical energy vari-
ation is induced only by a modification of the resonator
permeability constant δεij = εik ·εjl · δηkl. One can write
δUa =
1
2
ε0
∫
V
δεij E
i
aE
j
adV =
1
2
ε0
∫
V
δηkl D
k
aD
l
adV, (5)
where Dka is an unperturbed electric displacement field
of an optical mode. g0 can then be determined by sep-
arately simulating the optical and microwave fields’ dis-
tributions.
Therefore, taking into account the geometry and the
anisotropy of the system, the expression (2) of the
electro-optical coupling coefficient becomes
g0 =
ωaε0
2UaV
√
~ωb
2C
∫
V
εik · εjl · rklm · Emb EiaEjadV. (6)
An optimization of the different parameters, such as
position and size of the microwave microstrip or polariza-
tion, was run in order to maximize g0. In particular, from
Eq. (5) one can extract that TE optical modes character-
ized by high axial components Dlz give higher coupling.
For the geometry in Fig. 3, we compute g0 ∼ 2pi·50 kHz at
ωa = 2pi·200 THz (i.e. λa ≈ 1550 nm) and ωb = 2pi·6 GHz
with d ∼ 1.5µm. This value is more than 3 orders of mag-
nitude larger than previous work [19, 20]. The position of
the electrodes is critical. Electrodes on top (as in Fig. 3)
proves to give higher coupling and are more convenient
for fabrication (compared to electrodes on the side of the
optical WGM, with similar distance to the WGM). The
distance d between the electrodes is key to provide high-
confinement of the field. However it must be kept in mind
as well that the quality factors of both optical and mi-
crowave cavities depend on the geometry. For instance,
no metal should directly be too close to the evanescent
field of the optical waveguide fields. For the geometries
G1-G4 in Table I, the field energy density at the position
of the electrodes is 6 orders of magnitude smaller than
that at the center of the mode, and therefore absorption
4TABLE I. Parameters and results for different geometries in
LiNbO3. G1: electrodes on the side of WGM (optimized dis-
tance d ∼ 1.5µm, as in Fig. 3). G2: electrodes on top and
bottom of WGM (not optimized distance). G3: electrodes
on top and bottom of WGM (optimized distance). G4: elec-
trodes on top and bottom of WGM (optimized distance and
polarization), but axial polarization of Ea (instead of radial).
Parameters are computed for realistic experimental parame-
ters: ωa
2pi
= 200 THz, ωb
2pi
= 6 GHz, Qa ' 105 and Qb ' 103.
Geometry G1 G2 G3 G4
Model
rad axi
g0/2pi (kHz) 0.15 0.75 12 50
C0 = 4|g0|2/ (κaκb) 8 · 10−12 2 · 10−10 5 · 10−8 9 · 10−7
P (W) – single mode 7500 300 1.2 0.067
P (W) – dual mode 200 8 0.03 0.0018
is strongly reduced. Parameters and results are detailed
in Table I for different optimum geometries.
Scheme. By pumping the lower sideband of the hybrid
electrooptical system at ωp = ωa − ωb (see Fig. 1) the
microwave photons are laser cooled, i.e. up-converted to
the cold optical mode. If the microwave cavity is already
cooled to the ground state by passive cooling, which is
easily achieved in the case of superconducting cavity with
GHz resonance frequency cooled to the base tempera-
ture of a dilution refrigerator, this up-conversion may be
used to establish a coherent interface between microwave
and optical fields. The proposed converter would work
at ωb = 2pi · 6 GHz, a typical frequency of microwave
superconducting qubits [31], and 10 mK to assure the
microwave cavity ground state.
The main objective of the device is to achieve quantum
coherent microwave-to-optical frequency conversion: to
achieve near-complete frequency conversion (i.e. quan-
tum efficiency γ ∼ 1), the extrinsic decay rate κ(ex)a
of the optical cavity should dominate the intrinsic one
κ
(in)
a and the effective coupling rate between the opti-
cal and the microwave modes should satisfy the hierar-
chy κ
(ex)
a  {2g0√n¯p, κ(in)a }, where n¯p is the number of
photons in the optical cavity, such that the frequency
up-converted microwave photon leaves the optical cavity
before it decays or is down-converted back to the mi-
crowave frequency range; the microwave cavity should
be strongly overcoupled (κ
(ex)
b  κ(in)b ) . The overall in-
trinsic efficiency of the frequency up-conversion process
γ, defined by the efficiency of converting microwave to
optical quanta, can be calculated as
γ [ω] =
κ
(ex)
a
κa
κ
(ex)
b
κb
4C
(1 + C)2
1
1 +
(ωb − ω)2
κ2b (1 + C)2 /4
; (7)
thus the overall efficiency is a function of frequency and
cooperativity C, which is proportional to the number of
photons in the optical cavity C = n¯p·C0, where C0 = 4|g0|
2
κaκb
is the electrooptical single-photon cooperativity. Inter-
estingly, in our proposed scheme when ω = ωb, a cooper-
ativity of C = 1 is sufficient to obtain the maximum effi-
ciency [32], making achievable the complete photon con-
version between microwave and optical fields on a chip.
The quantum-state-transfer is only possible if a unity
cooperativity is achieved and the coupling strength is
much larger than the microwave decay rates κb, i.e.
2g0
√
n¯p  κb. When implementing the converter with a
single optical resonance (cf. Table I) the required power
levels are of the order of 100 milliwatts or even higher,
making a realistic implementation impossible. The power
can however be substantially reduced by employing two
optical modes (cf. Fig. 1), spaced by the microwave fre-
quency (i.e. a multiple cavity mode transducer [33]). In
this case, when ∆ωa = ωb, one has
n¯p =
P
~ωaκa
, (8)
where P is the optical pump power. With such a dual
mode design, the pump power required to obtain C = 1
is P = ~ωaκaC−10 and can be as low as O(1) mW with
conservative parameters slightly better than Qa ' 105
and Qb ' 103. Thus according to expression (7), a con-
version efficiency exceeding 90% can be achieved with
O(1) mW of pump power with the presented design. In
contrast to the realization with the only optical mode, in
the dual-optical-mode scheme the required power does
reduce when Qa increases. For instance, for the state-of-
the-art parameters of Qa ' 106 and Qb ' 104 one would
need O(1)µW of optical power only.
The noise introduced by the coupling of modes other
than the incoming microwave signal limits the quantum
fidelity of the microwave to optical photon conversion.
We theoretically characterized the noise added during the
conversion process by the equivalent quanta of the total
noise, as compared to the spectral density of the input
signal. On resonance, we find that
neq =
κb
κ
(ex)
b
(
2nel,th +
(1 + C)2
4C
κa
κ
(ex)
a
)
(9)
quanta of noise are introduced, with nel,th the thermal oc-
cupation of the microwave mode. The first term gives the
noise contribution from the microwave, and the second
from the optical degrees of freedom. For strongly over-
coupled resonators, one would only add neq = 2nel,th+1.
Conclusions. In conclusion, we propose a direct quan-
tum electrooptical converter based on a χ(2) nonlinear
WGM microresonator coupled to a planar superconduct-
ing microwave resonator which realizes large coupling
rates. Electro-optical coupling coefficient as high as g0
∼ 2piO(10 − 100) kHz can be attained with LiNbO3
thin films. We show that high-fidelity conversion can be
achieved based on current technology with optical power
as low as O(1) mW. On-chip, it will become efficiently
coupled to and controlled by optical fields and thus may
5enable new regimes for radio- and microwave electromag-
netic field detection (allowing quantum-limited amplifi-
cation and readout of microwave and radio-frequency ra-
diation). For instance, the proposed device could enable
quantum microwave illumination [34].
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